Sp family transcription factor Cell differentiation
Introduction
Specificity protein 1 (Sp1) is the founding member of a set of transcription factors that behave as developmental regulatory factors do: it binds to the regulatory sequences for -and modulates transcription of -a subset of genes transcribed by RNA PolII, but not other PolII targets (Dynan and Tjian, 1983) . Since its discovery, studies on Sp1 have pioneered our understanding of transcription factor activity and transcriptional regulation (reviewed by (Bouwman and Philipsen, 2002; Zhao and Meng, 2005; Wierstra, 2008) ). Sp1 is a member of a group of C2H2 zinc finger DNA binding proteins, which in mammals are encoded by nine genes, corresponding to three gene families (Sp1-Sp4, Sp5, and Sp6-Sp9; (Schaeper et al., 2010) ). Sp proteins exhibit a wide range of transcriptional regulatory behavior. They can act as transcriptional activators or repressors, depending on the target gene, the biological context or the Sp protein or isoform present. They regulate the expression of a wide range of target genes, including tissue-and development-specific genes, but also broadly expressed 0925-4773/$ -see front matter Ó 2011 Elsevier Ireland Ltd. All rights reserved. doi:10.1016/j.mod.2011.08.003 ''housekeeping'' genes, cell cycle genes, and viral genes. The partial redundancy among Sp family members and their context-dependent activity speak to the functional importance and flexibility of Sp factors, but also complicate analysis of their function in specific biological contexts in vivo. Thus, while we have a detailed understanding of the mechanistic abilities of Sp1 and its related family members, less is known about how these functions are carried out in the context of a developing multicellular organism.
Genetic studies in mouse demonstrate that Sp1 and many related factors are essential for normal development. Mutants lacking individual genes in the Sp1-Sp4 clade exhibit embryonic (Sp1 or Sp2), perinatal (Sp3) or postnatal (Sp4) lethality (Supp et al., 1996; Marin et al., 1997; Bouwman et al., 2000; Gö llner et al., 2001; Baur et al., 2010) . Sp1À/À mutants exhibit a broad range of developmental abnormalities prior to their death around E9.5. Although Sp1À/À ES cells are grossly normal, Sp1À/À cells fail to thrive and contribute to the tissues of more mature embryos or pups in chimeric animals, demonstrating that there are autonomous, cell-essential functions for the gene (Marin et al., 1997) . This observation also argues that there may be specific functions for Sp1 that are important in highly proliferative or differentiating cells that are distinct from those of undifferentiated cells. Despite the strong mutant phenotype associated with single mutants, there is also likely redundancy or synergistic activity among the genes. Specifically, many presumptive Sp1 target genes are still expressed in Sp1 mutants. Furthermore, Sp1À/+ Sp3À/+ compound heterozygotes are inviable, whereas single heterozygotes are viable (Krü ger et al., 2007) . The compound heterozygotes exhibit some defects observed in the individual single homozygous mutants, as well as new defects not observed in the single mutants. Due to partial redundancy and the essential functions of Sp family factors, a full understanding of the developmental functions for these factors would benefit from studies of Sp1-Sp4 clade factors in non-mammalian species.
To better understand the developmental roles of Sp factors at the cellular level, we are studying these factors in the nematode Caenorhabditis elegans. In C. elegans, at least four genes have been identified as to encode prospective Sp family proteins (tlp-1, sptf-1, sptf-2 and sptf-3; (Zhao et al., 2002) ; Wormbase.org), although only sptf-2 and sptf-3 are predicted to encode proteins that contain the three C2H2 zinc fingers that are canonical in the Sp family. Several features suggest sptf-3 is especially attractive as a model to study the in vivo function of Sp family proteins in the Sp1-Sp4 clade. sptf-3 is an essential gene, whereas RNAi knockdown of sptf-2 confers no obvious defects (Sun et al., 2007; Kamath et al., 2003) . A phylogenetic analysis of the DNA binding domain sequences identifies both SPTF-2 and SPTF-3 as prospective members of the Sp1-Sp4 clade (Supplemental Fig. 1 ). However, only SPTF-3 includes an amino terminus that is highly enriched for glutamine ( Fig. 1 legend) , a sequence feature specifically associated with the canonical Sp1-Sp4 proteins (Schaeper et al., 2010) . This identifies SPTF-3 as a C. elegans transcription factor that can serve as a genetic model for Sp proteins of the Sp1-Sp4 group.
Here, we characterize in vivo functions of the C. elegans SPTF-3 using RNAi knockdown and a non-null, reduction of function allele. We show that sptf-3 is important to promote normal development, including egg-laying system development, oocyte production and embryonic morphogenesis. The embryonic functions are dependent on germline sptf-3 activity, suggesting important maternal functions for the gene that act over time to impact late-stage embryogenesis. Evaluation of reporter gene expression in several cell types in sptf-3 mutants indicates that SPTF-3 influences the maintenance of cell-specific gene expression in differentiated cells, demonstrating both the specificity and the wide range of in vivo functions for this protein. This work establishes a tractable model in which to address the in vivo developmental functions of Sp1-related factors.
Results

gu85 is a mutation in sptf-3
To identify factors that regulate expression of the ovo-related zinc finger gene lin-48, we carried out a genetic screen for mutations that alter expression of a modified lin-48;gfp transgene (see experimental procedures). This screen identified the gu85 mutation, which alters expression of the transgene (see below) as well as confers a range of additional phenotypes. gu85 was mapped to LGI, right of polymorphism pkP1073 (Fig. 1A , Supplemental Table 1 ). An evaluation of candidate genes in the region suggested gu85 could be an allele of sptf-3 (Fig. 1B) . To test this possibility, we induced expression of wild-type sptf-3 under control of a heat-shock promoter in gu85 mutants, and found that the wild-type gene can rescue defects associated with the mutant strain (Fig. 1C) . We determined the sequence of the sptf-3 genomic locus in gu85 mutants, and found that the strain contains a missense mutation that results in a substitution of isoleucine for a conserved phenylalanine within the DNA binding domain (Fig. 1B  and D) . These results, combined with the observation that knockdown of sptf-3 using RNAi phenocopies gu85 mutants (below), confirmed that gu85 is a mutant allele of sptf-3.
2.2.
gu85 alters the ability of the SPTF-3 protein to bind DNA sptf-3 encodes a protein with sequence similarity to Sp1-related proteins. In other animals, these proteins influence the transcription of target genes by binding to GC-rich sequences. To test whether SPTF-3 could function in a similar way, we tested the ability of the protein to bind an Sp1 consensus sequence using an electrophoretic mobility shift assay (EMSA; Fig. 2 ). We find that protein lysates containing the DNA binding domain of wild-type SPTF-3 can bind the GCrich element, whereas protein corresponding to that from the sptf-3(gu85) locus (SPTF-3(F344I)) fails to bind under similar conditions. Although we could not detect binding by the mutant protein in vitro, we interpret that sptf-3(gu85) is a reduction-rather than loss-of-function mutation. This conclusion is based on the observation that sptf-3(gu85) mutants and sptf-3(RNAi) depleted animals can exhibit similar defects (see below), but that a deletion allele (presumed null) of sptf-3 is lethal (Sun et al., 2007) , whereas sptf-3(gu85) is not. Since many sptf-3(gu85) mutants survive to adulthood, this mutant strain offers a reagent to study the function of sptf-3 throughout development. Table 1. (B) Organization of the sptf-3 gene (image from Wormbase.org). The DNA binding domain is coded for by exons 6-7. (C) Induced expression of wild-type sptf-3 rescues egg-laying system defects associated with sptf-3(gu85) mutants. sptf-3(gu85) mutants exhibit defects including bivulva and protruding vulva phenotypes. Introduction of sptf-3(+) under control of a heatinducible promoter during the L1 larval stage can rescue these defects. Error bars indicate 95% confidence interval for population proportion (p) based on sample proportion (p). N P 50 for each condition. No heat vs with heat treatment for hsp;sptf-3(+) condition compared using a two sample Z test. (D) Alignment of amino acid sequence extending from the Btd box through the three zinc fingers of representative Sp1-related proteins including SPTF-3 (after (Schaeper et al., 2010) ). The Btd box is indicated with an over-line, and the Cs and Hs of the zinc finger elements are indicated with asterisks. The gu85 mutation results in a missense mutation that changes an invariant phenylalanine (ttt) present between the first and second C2H2 zinc finger domains to isoleucine (att). SPTF-3 shares sequence similarity with other proteins in the Sp1-Sp4 clade. The amino terminus of SPTF-3 is also highly rich in glutamine (90 of 291 amino terminal amino acids (31%) are glutamine), as are other proteins of this group (Schaeper et al., 2010) . However, SPTF-3 lacks the amino-terminal ''Sp box'' present in mammalian Sp proteins. Sequence accession numbers: Hs_Sp5 (GenBank: NP_001003845), Dm_D_Sp1 (GenBank: NP_572579), Hs_Sp6 (GenBank: NP_954871), Hs_Sp1 (GenBank: NP_612482), Hs_Sp3 (GenBank: NP_003102), Dm_Spps (GenBank: NP_651232), Ce_SPTF-3 (GenBank: NP_493353). Sequences were aligned using ClustalW2 (http://www.ebi.ac.uk/Tools/msa/ clustalw2/), and shaded using Boxshade 3.21 (http://www.ch.embnet.org/software/BOX_form.html).
sptf-3 is important for normal vulval development
A notable proportion of sptf-3(gu85) mutants exhibit defects in the morphology of vulval structures, resulting in protruding vulva and occasional bivulva phenotypes in adult animals (Fig. 1C) . To understand the cellular defects underlying these phenotypes, we evaluated L4 larvae that are undergoing morphogenesis of the vulval tissue. Normally, vulval morphogenesis results in a single opening (invagination) that will eventually connect the uterus to the outside, allowing the animals to lay eggs (Fig. 3A) . The normal anterior/posterior mirror symmetry of the vulval structures requires that the asymmetric divisions of two cells (P5.p and P7.p) occur with mirror symmetry in respect to each other. This mirror symmetry is dependent on Wnt signaling. In animals mutant for the Wnt receptor genes lin-17/Fz or lin-18/Ryk, the more posterior P7.p cell often divides with the same pattern as P5.p (rather than a reversed pattern), resulting in the inappropriate placement of daughter cells along the anterior/posterior axis (Ferguson et al., 1987; Inoue et al., 2004) . This can result in a smaller, secondary vulval invagination that is posterior to the primary opening (the bivulva, or Biv phenotype). We found that a percentage of sptf-3(gu85) and sptf-3(RNAi) animals exhibit a secondary vulval invagination that, when present, is exclusively to the posterior of the primary opening as it is in lin-17/Fz or lin-18/Ryk mutants ( Fig. 3B and C) .
In mutants defective in Wnt signaling, the formation of the extra vulval opening results from the abnormal cell division of normal vulval precursor cells, rather than from the division of additional cells as is seen in multivulval mutants (Ferguson et al., 1987) . To test whether the Biv phenotype of sptf-3 mutants results from the division of additional cells or from abnormal division of the normal vulval precursor cells, we observed L3 larvae to assess the extent of cell division in the ventral epidermis, recovered the animals, and then evaluated them during the L4, to ask whether they formed an ectopic posterior opening. Thirty sptf-3(gu85) mutants exhibited the normal amount of cell division in the L3 (P5.p-P7.p (only) had each divided twice, producing four progeny). These animals were recovered, and viewed again in the L4 stage. In the L4, four of these animals exhibited the secondary invagination posterior to the primary opening, arguing that the phenotype reflects lineage abnormalities rather than extra cell divisions. To characterize the cell lineage defects, we used the cell-specific markers egl-17;gfp and cog-1;gfp ( 2002; Inoue et al., 2005) . These reporter transgenes are expressed in vulC and vulD, which are normally derived from the more posterior daughter of P5.p, and the more anterior daughter of P7.p. As is observed in lin-17/Fz and lin-18/Ryk mutants (Inoue et al., 2004) , we find that Biv sptf-3 mutants exhibit a variety of reporter transgene expression pattern defects. These defects include the complete reversal phenotype in which the GFP-positive cells derive from the posterior daughter of P7.p, as they do in P5.p (Table 1) . We conclude that sptf-3 influences the orientation of the P7.p lineage in a manner similar to genes that mediate Wnt signaling.
sptf-3 is important for fecundity
We observed that the growth of populations of sptf-3(gu85) mutants is reduced compared to wild type. Although production of offspring can be reduced in animals with defects in egg-laying (above), we evaluated whether other defects in the reproductive system of sptf-3(gu85) animals contribute to this phenotype. We first evaluated fertility and offspring production. We found that whereas most animals are fertile, the average brood size is significantly smaller in mutants compared to wild type, even for animals that do not exhibit a defect in the egg-laying system that causes them to retain eggs ( Fig. 4A and B). To identify possible causes of the reproductive defect, we evaluated the gonads of sptf-3(gu85) mutants, and found the distal region to be grossly normal based on morphology and DAPI staining (data not shown). However, there are generally fewer large, mature oocytes, and those present can be morphologically abnormal. For example, in wild-type adults 24 h after the L4 stage, we observe a number of large oocytes in line to proceed through the spermatheca, whereas in sptf-3(gu85) mutants, fewer large oocytes are observed ( Fig. 4C-E) . Specifically, while the sptf-3(gu85) oocyte in the À1 position immediately adjacent to the spermatheca is comparable in size to that in wild type, the oocyte in the À3 position is significantly smaller. We conclude that sptf-3 is important for normal oocyte production.
2.5.
sptf-3 is important for embryonic morphogenesis and survival of L1 larvae
We evaluated embryonic lethality as another possible source of reduced reproductive success. We found that the majority of sptf-3(gu85) oocytes that are fertilized produce embryos that survive, and grow into adults. However, a notable minority fail to grow to adulthood, and arrest either during embryonic morphogenesis, or shortly after hatching (Fig. 5A ). Dying hatchlings can exhibit morphological defects that occur in either the tail or head regions (Fig. 5B-F) . Similar embryonic and L1 larval arrest and morphological defects are observed, and more prevalent, in animals treated with sptf-3(RNAi) (Figs. 5 and 6). We conclude that sptf-3 is important for embryonic development.
2.6.
sptf-3 functions in the germline to influence embryonic development A majority of the offspring produced from a hermaphrodite incubated on Escherichia coli that express double-stranded sptf-3 RNA (feeding RNAi, (Timmons and Fire, 1998) ) exhibit the embryonic/L1 arrest phenotype ( Fig. 6 ). To determine which cells require functional sptf-3 for embryonic viability, we utilized rrf-1 and ppw-1 mutants that are defective in RNAi in somatic cells or germline cells, respectively (Sijen et al., 2001; Tijsterman et al., 2002) . We find that knockdown of sptf-3 in the germline only (rrf-1 mutant) results in a strong embryonic/L1 arrest phenotype, whereas knockdown in the soma only (ppw-1 mutant) results in normal levels of survival. An interpretation for how germline activity of sptf-3 is necessary for normal somatic development is that the critical embryonic function of sptf-3 reflects a maternal contribution of the gene. The maternal contribution could result from specific germline regulatory functions of SPTF-3, or a general reduced quality of the oocytes resulting from the germline and oocyte production defects (above).
sptf-3 influences the maintenance of gene expression states in differentiated cells
The sptf-3(gu85) mutation was isolated in a screen to identify genes that act through a specific response element in lin-48 (the lre1 response element, (Johnson et al., 2001 )) important to promote expression of lin-48 in hindgut cells. Since the lre1 response is redundant with that of a second element, lre2, a lin-48;gfp transgene disrupted for lre2 was used in the screen (guIs9). sptf-3(gu85) mutants exhibit a reduced level of GFP expression from guIs9 compared to wild type (Fig. 7) . The mutation preferentially disrupts expression in hindgut cells compared to other cells (compare 7B to 7D), and does not appreciably impact expression from an intact lin-48;gfp transgene, saIs14 (data not shown). We investigated the possibility that SPTF-3 might influence guIs9 expression by direct regulation through lre1. However, we do not detect binding of SPTF-3 to lre1, or to lre1 flanking sequences, using EMSA (data not shown). We also failed to observe cooperative binding between SPTF-3 and EGL-38 (another factor that genetically acts through lre1; (Johnson et al., Table 1 -Vulval lineage marker expression in sptf-3 mutants (data presented as in (Inoue et al., 2004) 2001)) to these sequences (data not shown). Thus we cannot conclude that SPTF-3 acts directly through the lre1 element of lin-48. Nevertheless, our results argue that sptf-3 functions to promote gene expression. Furthermore, we find that GFP expression from guIs9 is decreased in L4 animals compared to L1 animals ( Fig. 7E) , arguing that sptf-3 mutants not only exhibit reduced expression of the transgene, but that they fail to maintain these reduced levels over time.
To investigate whether this defect in gene expression is specific to the cells or the transgene of our initial analysis, we evaluated the expression over time of two additional transgenes: ida-1;gfp in inIs179, and ceh-2;gfp in syIs54. ida-1;gfp was selected for analysis to further investigate the role of SPTF-3 in gene expression maintenance, as this reporter initiates expression in cells as they begin differentiation, and then persists into the adult. ida-1;gfp also serves as a reporter for cells of the somatic gonad, allowing us to evaluate whether defects in this part of the reproductive system might correlate with the other reproductive system defects we have observed (above). Finally, one common theme between the somatic cells and tissues that exhibit sptf-3 defects is that they all participate in the formation of connections, or pores, between the inside of the worm and the outside of the worm (vulva ( Fig. 3) , hindgut ( Fig. 7) , and pharynx ( Fig. 5F) ). ida-1;gfp is expressed in the uv1 cells of the uterus (Zahn et al., 2001 ), which cooperate with vulval cells to form the connection between the uterus (inside) and the vulva (outside) to form the pore through which eggs are laid. The uv1 cells are born and differentiate during the L4 stage. There are four uv1 cells in each animal, with two on the left and two on the right side of the animal. In wild-type animals, during the mid-L4, ida-1;gfp expression is initiated as the cells begin to differentiate, and then the expression persists into adulthood. Consequently, a subset of cells are positive for GFP in mid-L4, whereas all cells (two per side) are GFP positive 24 h later in the young adult stage (Fig. 8) . sptf-3(gu85) mutants exhibit a similar subset of GFP-positive uv1 cells in the mid-L4 stage, but fail to sustain robust expression into the adult stage. We interpret that, as with expression from guIs9, sptf-3 promotes maintenance of ida-1;gfp expression over time. Furthermore, as with guIs9, the function of sptf-3 affects expression of the transgene in certain cells but not others. Expression of ida-1;gfp in the hermaphrodite-specific or other neurons is not appreciably affected in sptf-3(gu85) mutants ( Fig. 8E and data not shown) .
Although the ida-1;gfp expression data are consistent with a gene expression maintenance defect in sptf-3(gu85) mutants, an alternative interpretation is that the adult mutant cells maintain the gene expression status of younger (differentiating) cells. To distinguish between these possibilities, we evaluated ceh-2;gfp. ceh-2;gfp is also expressed in the P5.p and P7.p vulval lineages (like egl-17;gfp and cog-1;gfp, Table 1 ). However, it exhibits a dynamic expression that differs between the mid-L4 (when vulval cells are undergoing Student's t test p < 0.0001. Error bars correspond to standard error of the mean. sptf-3(gu85) data include only animals that did not ''bag'' or rupture early in adulthood, as such animals tend to produce fewer offspring than egg-laying competent animals, and might skew the brood size counts. Six additional sptf-3(gu85) animals were excluded from the analysis because they ruptured or bagged. These animals produced broods with a range of 6-58, and an average brood size of 26. (C) Twenty-four hours after the L4 stage, the gonads of wild-type hermaphrodites exhibit rows of uniformly shaped, large oocytes. (D) Fewer large oocytes are observed in the gonads of sptf-3(gu85) mutants, where frequently only the oocytes in the À1 and À2 position are full size (the À1 oocyte is the one adjacent to the spermatheca, and next in position for fertilization). (E) Comparison of oocyte diameter for the À1 oocyte and À3 oocyte in wild type and sptf-3(gu85) animals 24 h after the L4 stage. N P 20 for each condition. Error bars correspond to standard error of the mean. a.u. represents arbitrary units. À3 oocyte diameter compared using Student's t test. morphogenesis) and the adult (when the cells complete differentiation; (Aspö ck et al., 2003; Inoue et al., 2002) ). During the mid-L4, it is expressed in the vulB cells, whereas later in the L4 and into the adult stage expression in vulB cells is lost, and expression in vulC cells is initiated and sustained. In the mid-L4 of sptf-3(gu85) mutant animals, ceh-2;gfp is preferentially altered in cells of the posterior vulva, consistent with the observations with egl-17;gfp and cog-1;gfp. In particular, in evaluation of 43 sptf-3(gu85) mutants, 2 of 43 exhibited defects in ceh-2;gfp expression in cells anterior to the vulva (5%), whereas 13 of 43 exhibited defects in the posterior cells (30%). Expression of ceh-2;gfp is also altered in young adult sptf-3(gu85) animals. However, unlike ceh-2;gfp expression earlier in development, defects are observed both anterior and posterior to the vulval opening in adults (Fig. 9) , arguing that the abnormal expression is not just a secondary consequence of any earlier lineage defects. Furthermore, mutants can exhibit either a reduction in the number of GFP-positive cells, or an increase in GFP-positive cells, compared to wild type. One interpretation of this observation is that, for this transgene, sptf-3 is important for maintenance of gene expression states, and that disruption of sptf-3 activity can lead to failure to maintain gene expression in the ''off'' state as well as the ''on'' state. An alternative (but not mutually exclusive) interpretation is that sptf-3 is important in maintaining the cells in their differentiated state compared to earlier developmental states. In this model, cells in mutant animals with an increase of GFP-positive cells might reflect a combination of both the early/undifferentiated (vulB) and late/differentiated (vulC) gene expression patterns.
Discussion
We have characterized developmental functions for the C. elegans Sp1-related gene sptf-3. We show that sptf-3 mutants and sptf-3(RNAi) treated animals exhibit a variety of developmental defects that impact cell lineage, cell differentiation, oocyte production and embryonic viability. While the defects are broad, they are not ubiquitous: expression of the same reporter transgene can be disrupted in certain cells but not others, and many embryos complete relatively normal embryonic patterning and differentiation of cells, but exhibit defects in morphogenesis. Our results provide a framework for future in vivo studies of the genetic relationship between Sp family proteins and other important developmental pathways and processes.
3.1.
sptf-3 influences cell lineage polarity during C. elegans vulval development sptf-3(gu85) mutants and sptf-3(RNAi) treated animals exhibit defects in the development of the posterior vulval precursor cell (P7.p) that are consistent with a disruption of lineage polarity for this cell. This phenotype is similar to that observed in Wnt pathway mutants (Ferguson et al., 1987; Inoue et al., 2004) . sptf-3 is the first non-Wnt pathway gene to confer this phenotype, and only the third gene (the others are lin-17/Fz and lin-18/Ryk) for which a single mutant allele confers this mutant phenotype with appreciable frequency Fig. 5 -Some sptf-3 mutants die at hatching and exhibit defects in morphogenesis. (A) Some embryos with mutant or RNAi knock-down of sptf-3 (see Fig. 6 ) fail to hatch, or die soon after hatching, resulting in reduced survival to adulthood. Error bars indicate 95% confidence interval for population proportion (p) based on sample proportion (p). N P 80 for each condition. Two sample Z test, p < 0.001. (B)-(E) The dying embryos and larvae can exhibit defect in morphogenesis in head and tail regions. (B) Wild-type larvae exhibit a uniform diameter that tapers to the tail tip. (C) Dying sptf-3(gu85) mutants (shown) or sptf-3(RNAi) animals can exhibit abnormal tail morphology including bulges and constrictions. (D) The head of a wild-type larva illustrates the uniform morphology and attachment of the pharynx to the anterior end of the animal (arrow). Dying sptf-3(gu85) mutants (E) and sptf-3(RNAi) depleted animals (F) can exhibit morphological bulges (marked with an *) and the pharynx-unattached (Pun) phenotype (arrow). Many also coil (as seen in (E) and (F)). (Green et al., 2008) . Although we hypothesize that this mutant phenotype indicates that sptf-3 functions with genes of the Wnt pathway to promote proper lineage orientation, the specific relationship remains to be characterized. The work of others has shown that Sp family proteins can function in different ways with respect to important elements of the Wnt signaling pathway. For example, they act downstream of Wnt signaling in some cases (Zhao et al., 2002; Weidinger et al., 2005; Fujimura et al., 2007) , or may influence Wnt or Wnt receptor expression in others Katoh, 2007, 2009) . Future work will determine whether sptf-3 functions in one of these ways, by regulating other Wnt pathway components, or through another parallel, but Wnt-independent mechanism to influence polarity in the P7.p vulval cell lineage.
sptf-3 influences oocyte production and embryonic survival
We observed that while most sptf-3 mutants and sptf-3(RNAi) treated animals produce offspring, the number of their offspring is reduced, and the production of their oocytes is compromised, compared to wild type. Additionally, sptf-3 embryos frequently die as late embryos or young larvae, and this embryonic function is dependent on germline (presumably, maternal) sptf-3 activity. We hypothesize that these two functions for sptf-3 are linked. In this case, the embryonic function for sptf-3 might reflect a reduction in overall quality of the oocytes produced, with embryos running out of key maternal factors before they complete morphogenesis. A similar oocyte quality impact on embryonic survival has been observed in eggs produced from older hermaphrodite mothers (Andux and Ellis, 2008) . However, these authors observed that although reduced quality oocytes can result in embryonic lethality, larval arrest defects (associated with mutants that produce reduced quality oocytes) result from a zygotic gene activity rather than a maternal activity. They also do not report the morphological defects that are prevalent in sptf-3 mutants. Thus if general oocyte quality is affected in sptf-3 mutants, it is distinct from that associated with the offspring of older hermaphrodite mothers. An alternative interpretation is that these two functions are independent, in which case the embryonic function for sptf-3 would reflect a disruption of expression of a specific maternal gene -or set of maternal genes -leading to the arrest phenotype. This interpretation is consistent with our observation that sptf-3(RNAi)-treated young adults produce many dead embryos and larvae, yet do not exhibit the oocyte/germline defects in their first 24 h of exposure to sptf-3(RNAi) (Fig. 6 and data not shown).
Specificity of SPTF-3 in regulating target gene expression in vivo
We observe that disruption of expression of reporter transgenes in sptf-3 mutants occurs in only a subset of the cells in which the transgene is expressed. For example, guIs9 expression is reduced in hindgut cells, but not other cells of the tail (Fig. 7) . One explanation for this observation is that the analysis was completed in animals with reduced, but not absent, sptf-3 activity. In this model, reporter gene expression would be SPTF-3 responsive in all cells, but the gene expression is more sensitive to reduced activity in some cells than others. However, we favor the interpretation that the impact of SPTF-3 is not to promote expression of a particular gene, or to promote expression from transgenes in general, but is context-(cell-) specific. We hypothesize that this reflects the coordinate function of SPTF-3 with other transcription factors, and that it is this coordinate function on which expression in the given cell depends. Sp1 can transactivate gene expression synergistically with a large variety of transcription Fig. 6 -RNAi knockdown of sptf-3 in the germline is necessary and sufficient to cause the defects in embryonic morphogenesis and lethality. Many offspring of wild-type hermaphrodites exposed to RNAi knockdown of sptf-3 die within the egg or at hatching, and exhibit defects in morphogenesis (Fig. 5) . A similar effect is observed when sptf-3 is depleted in rrf-1(pk1417) mutants that are functional for RNAi in the germline, but not the soma, but not in ppw-1(pk1425) mutants that are functional for RNAi in the soma, but not the germline. N P 250 for each condition. Error bars indicate 95% confidence interval for population proportion (p) based on sample proportion (p). Empty vector to sptf-3(RNAi) for wild type and rrf-1(pk1417) comparison evaluated using a two sample Z test.
factors with which it either binds cooperatively, or recruits the basal transcription machinery cooperatively (reviewed by (Wierstra, 2008) ). Although we failed to detect the direct binding of SPTF-3 to lin-48 sequences including and surrounding the lre1 response element, we cannot rule out the possibility that SPTF-3 functions cooperatively with another factor to mediate transactivation of lin-48.
SPTF-3 and the maintenance of cell differentiation or gene expression states
Our experiments with reporter transgenes suggest that one of the defects in sptf-3 mutants is the maintenance of gene expression states in cells that are differentiated and exhibit a consistent expression over time in wild type. Depending on the affected gene(s), we speculate that this role may also impact the differentiation state of the cell. In either case, we hypothesize that this defect reflects a role for SPTF-3 in influencing chromatin structure and remodeling. In human cells, Sp1 is capable of binding nucleosomal DNA and can participate in establishing a region of non-silenced DNA within a heterochromatic region (Li et al., 1994; Ishii and Laemmli, 2003) . Sp1 can influence the activation of transcription through interaction with the p300 histone acetyltransferase (Kundu et al., 2000) , and members of the SWI/SNF chromatin remodeling complex (Kadam et al., 2000) . Sp1 has likewise been shown to influence repression of expression of some genes through its interaction with members of the histone deacetylase complex Sin3, and the DNA methyltransferase DNMT1 (Zhang and Dufau, 2002; Estève et al., 2007) . In Drosophila, the orthologous protein SPPS binds to polycomb-response elements, and is co-localized with polycomb group proteins that act to repress the expression of genes in cells where they normally should be ''off'' (Brown and Kassis, 2010) . We anticipate that future experiments can test whether SPTF-3 mediates its gene expression effects through similar functional relationships with factors that influence chromatin structure.
4.
Experimental procedures 4.1. Genetic strains and strain construction C. elegans strains were cultured under standard conditions (Brenner, 1974) . All experiments were performed at 20°C, unless otherwise noted. The wild-type strain is Bristol N2. The polymorphic strain used for genetic mapping is CB4856. The following mutations and transgenes were used:
Mutations: Linkage group I (LGI): ppw-1(pk1425), dpy-5(e61), rrf-1(pk1417), sptf-3(gu85)
LGIII: unc-119(e2498) Transgenes and source strains: BL5717 inIs179; him-8(e1489) (ida-1;gfp, (Zahn et al., 2001 )) CM116 unc-119(e2498); saIs14 (lin-48;gfp, (Johnson et al., 2001) ). CM753 unc-119(e2498); guIs9 (modified lin-48;gfp -see below) NH2466 ayIs4; dpy-20(e1282) (egl-17;gfp, (Burdine et al., 1998) Additional genetic information is available at http:// www.wormbase.org.
sptf-3(gu85) isolation and mapping
gu85 was isolated in the background of the CM753 (unc-119(e2498); guIs9) strain. The intact lin-48;gfp reporter transgene includes two redundant elements (lre1 and lre2) important for hindgut expression (Johnson et al., 2001) . The guIs9 transgene contains a mutant lre2 sequence and a wild-type lre1 sequence. Hindgut lin-48;gfp expression is thus mediated entirely through the lre1 element in this transgene. gu85 was isolated using EMS. Fourth larval stage (L4) P0 hermaphrodites were mutagenized using 50 mM EMS for four hours (Sulston and Hodgkin, 1988) , individually placed on agar plates at 20°C and allowed to grow for two generations. The F2 progeny were screened for defects in hindgut expression of guIs9, using a dissecting microscope with an epifluorescence attachment. Animals that exhibited reduced or abolished hindgut expression were individually picked into fresh plates and allowed to self-cross.
Single Nucleotide Polymorphism (snip-SNP) mapping was used to determine that gu85 is linked to LGI (Wicks et al., 2001) . Three factor crosses, and snip-SNP mapping were used to determine that gu85 maps to the right of pkP1073 (LGI: 17.1) and the left of pkP1071 (LGI: 23.4) ( Table S1 , Fig. 1) , with a map position of approximately 18.5. To find candidate genes in this region, we screened the data in Wormbase.org for the RNAi phenotypes of genes located in the area extending from positions 17.5 to 20 on LGI. The area we focused on is predicted to contain 23 genes total. Our candidate approach targeted genes in the region with an RNAi phenotype similar to the phenotypes we observe in gu85 animals. In particular, we focused our search for genes reported to show vulval defects, such as the protruding vulva (Pvl) phenotype and rupture at the vulva (Rup) phenotype. RNAi of two of these 23 genes results in vulval defects characteristic of the gu85 mutants: snr-2 and sptf-3 (Fraser et al., 2000; Simmer et al., 2003) . snr-2 codes for a small nuclear ribonucleoprotein, located at position 18.1, and sptf-3 codes for an Sp1-related transcription factor, located at position 19.2. Since our genetic screen identified mutants with defective transcription of a transgene, we focused on the sptf-3 locus. Transgenic rescue, RNAi phenocopy, and DNA sequencing (below) allowed us to confirm that gu85 is an allele of sptf-3.
sptf-3 sequencing
To identify the mutation associated with the gu85 allele, we used PCR to amplify the genomic sequence of the sptf-3 gene from gu85 mutant animals. The PCR products were sequenced by the Plant-Microbe Genomics Facility at The Ohio State University using an Applied Biosystems 3730 DNA Analyzer and BigDye cycle sequencing terminator chemistry. PCR products covering all predicted exons and introns were In wild-type animals carrying ceh-2;gfp, the majority of adult animals exhibit four GFP-positive cells: two anterior to the vulval opening, and two posterior. In sptf-3(gu85) mutants, adult animals exhibit a variable number of GFP-positive cells, with either fewer or more cells than normal. This defect is not restricted to cells posterior to the vulval opening, which may be abnormal due to earlier lineage defects (Fig. 5, Table 1 ).
analyzed. The sequence of DNA from the gu85 mutant strain included a missense mutation (cacgctggtaataaacca(t/ a)ttgcatgtgattggcaa) that changes an invariant phenylalanine (ttt) to isoleucine (att). We term the protein that results from this mutant allele SPTF-3(F344I).
4.4.
Construction and evaluation of the hsp;sptf-3 transgene Data and analysis summarized on Wormbase.org predicts sptf-3 to include seven exons that code for a 412 aa protein.
RT-PCR and molecular cloning of the resultant products, using RNA derived from both wild type and sptf-3(gu85) mutant animals, confirmed this gene organization, as well as the sequence of the mutation in sptf-3(gu85) observed in the genomic DNA. To produce hsp;sptf-3 transgenes, full-length cDNA was introduced into a modified pPD49.83 (hsp16-41) that includes FLAG-encoding sequences at the 3 0 end. This construct (pEU23) was injected into sptf-3(gu85); unc-119(e2498) animals at a concentration of 75 ng/ll, with 15 ng/ll unc-119(+) DNA as a transformation marker (pDB#MM016; (Maduro and Pilgrim, 1995) ), using standard methods (Mello et al., 1991) . The transgene evaluated is guEx1318. Control transgenes included 70 ng/ll hsp16-41;gfp plasmid (pSB7) instead of pEU23. The transgene evaluated is guEx1317.
To evaluate the ability of wild-type sptf-3 to rescue sptf-3(gu85) mutant defects, plates of transgenic worms were grown until they included a large number of gravid adult hermaphrodites. Animals were washed off the plates and treated with bleach solution (Stiernagle, 2006) to destroy larvae and adults. The resultant eggs were hatched in M9 overnight, yielding a population of L1 larvae. These animals were plated on fresh NGM + OP50, and subjected to 34°C for 1 h. Control animals were plated, but not heat-treated. After three days the adult, transgene-bearing worms were scored (transgene type-and treatment-blind) for frequency of visible egg-laying system defects, specifically protruding vulva and/or bivulva phenotypes commonly observed in sptf-3 mutants.
4.5.
SPTF-3 protein expression and DNA binding cDNA coding for the carboxyl-terminal 233 amino acids of SPTF-3(+) or SPTF-3(F344I) was amplified using RT-PCR, and cloned into vector pET-32 (Novagen). Recombinant SPTF-3 was expressed in E. coli strain BL21 (DE3) (Novagen). Cells were lysed with sonication in Sp1 gel shift buffer (5 lM ZnSO4, 50 mM KCl, 2 mM DTT, 12 mM HEPES-KOH (pH 7.5), 6 mM MgCl2, 0.1% NP-40 and 50% glycerol). Recombinant protein expression was confirmed with SDS-PAGE, and expressed protein amount was estimated by comparing dilutions to known quantities of BSA. For the experiments, lysates were utilized that included similar levels of expressed recombinant protein. In all cases, lysates derived from cells expressing the pET-32 vector with no cDNA insert were used as a negative control.
The probe used for this experiment is a mammalian consensus Sp1 binding site ((5 0 ATT CGA TCG GGG CGG GGC GAG C 3 0 ) Promega). The probe (200 ng) was end-labeled with DIG-11-ddUTP (Roche). The protein lysates were incubated with the probe for thirty minutes. The reactions were run on a 15% Acrylamide gel in a Tris-Glycine-EDTA (TGE) running buffer (10· buffer: 0.25 M Tris-Base, 1.9 M Glycine, 10 mM EDTA, pH = 8.3) for 6-7 h at 100 volts. The gel was transferred in 1· TGE buffer overnight. The nucleic acids on the membrane were fixed by cross-linking with UV, then washed with washing buffer (0.1 M Maleic Acid, 0.15 M NaCl; pH 7.5; 0.3% v/v Tween 20) for 2 min, blocked for 30 min with 1· blocking solution (Roche), incubated for 30 min with the 1:10000 Anti-Digoxigenin AP antibody, washed twice for 15 min, and detected in CSPD (Roche).
4.6.
Knockdown of sptf-3 using RNAi Double-stranded RNA corresponding to sptf-3 was introduced into worms using a feeding method (Timmons and Fire, 1998) . cDNA coding for SPTF-3 was amplified using RT-PCR, and cloned into the RNAi feeding vector (pPD129.36, a gift from A. Fire). The resultant plasmids were transformed into the HT115 RNAse-deficient strain of E. coli. The bacteria were grown in culture without induction at 37°C overnight. Next, the bacteria were seeded onto plates containing 25 lg/ml carbenicillin and 0.1 mM-1 mM IPTG (depending on experiment), and then incubated overnight at room temperature. L4 hermaphrodites were selected to these plates, allowed to lay eggs overnight, and then removed. The offspring were analyzed for vulval defects (presence of an ectopic posterior lumen) or survival (as described below). Plates seeded with bacteria carrying the empty vector (pPD129.36) were used a negative controls.
4.7.
Microscopy and reporter transgene analyses For L4 analyses, wild type and mutant L4 hermaphrodites were selected on the basis of their appearance on plates using a dissecting microscope, and mounted on 3.5% Noble agar in water slides containing 10 mM sodium azide to immobilize the animals. Worms were visualized using a Zeiss Axioskop II microscope with epifluorescence, and documented with a Spot monochrome digital camera. For 24 h after L4 analyses, L4 hermaphrodites were selected to new plates, and then visualized 24 h later. For oocyte diameter quantification, Photoshop tools (Adobe) were used to measure two lines across the diameter of an oocyte. For rectangular shaped oocytes, the two lengths were the two long axes across the oocyte (corner-to-corner). For ovoid shaped oocytes, the two lengths were selected to maximize diameter. The largest of the two lengths was selected for the analysis in Fig. 4. 
4.8.
Fertility, viability and brood size analyses
To evaluate fertility, L4 hermaphrodites were placed individually onto OP50-seeded NGM agar plates. Two days later, the plates were observed for the presence of offspring eggs and/or larvae. To evaluate viability, L4 hermaphrodites were placed individually onto OP50-seeded NGM agar plates. The next day, these individuals were removed, and the eggs counted. Two days later, all live (L4 or adult) animals were counted. Proportion viability was calculated as Live L4 or Adult Animals/Eggs. To count brood size, L4 hermaphrodites were placed individually onto OP50-seeded NGM agar plates. The animals were transferred to fresh plates each day until they no longer produced eggs. The offspring on each plate were counted three days after the parent was initially plated.
4.9.
Phylogenetic sequence analysis
To evaluate the relationship among C. elegans SPTF proteins and other Sp family proteins, we utilized the strategy and curated sequences of Schaeper et al. (2010) , adding C. elegans and a subset of other nematode sequences to their protein set (Caenorhabditis japonica, Ascaris suum, Pristionchus pacificus). Sequences corresponding to the Buttonhead (Btd) box and the zinc finger domains (Fig. 1D) were aligned using ClustalW2, and built into the tree of Supplemental Fig. 1 using PhyML v3.0.1 (Guindon and Gascuel, 2003) , within the SeaView 4.3.0. platform (http://pbil.univ-lyon1.fr/software/ seaview.html; Gouy et al., 2010) . The PhyML tree resulted in identification of three Sp factor clades, similar to those reported by Schaeper et al. (2010) .
